total variable costs incurred (69) . Schwerin et al. (68) showed that differences in nutrient utilisation exist between dairy and beef breeds and that the expression of genes involved in nutrient transformation in the liver and intestine differed in Charolais and Holstein bulls. There is also evidence from our own group (61) and others (54) of differences in feed efficiency between dairy cow breeds.
Energy homeostasis and partitioning has a major effect on energetic efficiency (40) . The hypothalamus is the key tissue that regulates energy homeostasis (81) . Feeding behaviour is controlled by circulating nutrients, hormones, and neural signals derived from the peripheral tissues depending on the energy status of the animal (85) . The gastrointestinal tract (GIT) is the source of various signals that regulate hunger, feed intake, and satiety (58) . Besides digestion and absorption of nutrients, the GIT also senses nutrients and sends feedback signals to the brain to control energy homeostasis (4) . The intestine-brain axis is of major importance as the brain receives signals from the upper intestine (53, 55) and intestinal hormones have various physiological functions that include specifically targeting the brain to regulate appetite (55) . The duodenum is a major site of intestinal hormone synthesis that functions in the digestion and absorption of nutrients into the bloodstream (25) . Additionally, a brain-liver axis has recently been proposed to detect blood lipids and inhibit glucose production in rodents (8) . The liver signals its energy status directly to the brain stem and hypothalamus (84) , which responds to hepatic oxidation of fuels and generation of ATP. In dairy cows, the liver is critical in signaling the current hepatic metabolic state to the brain via metabolites and nerval afferents to control and adjust feed intake (42) . Together these networks form the gut-brain-liver axis where lipids in the upper intestine can control liver glucose homeostasis (80) . As the majority of signaling molecules involved in energy homeostasis and feed intake arise from the peripheral tissue (49) , the duodenum and liver were selected as target tissues in the current study.
A number of key signaling molecules are known to be involved in the regulation of energy homeostasis in the gutbrain-liver axis (Table 1) . These include signaling peptides, receptors, and downstream signaling molecules expressed in the central nervous system (CNS) and/or peripheral tissues including GIT and liver involved in energy homeostasis, feed intake, and energy storage. The intracellular AMP/ATP ratio determines the activation of protein kinase, AMP-activated, beta1 (AMPKB1), which is therefore sensitive to energy intake (52) . Neuropeptide Y (NPY), agouti related protein (AgRP), neuromedin B (NMB), and pro-opiomelanocortin (POMC) are key neurotransmitters of the hypothalamus that regulate appetite (20, 36, 45, 77) . POMC peptides act as endogenous ligands for the melanocortin-4 receptor (MC4R), a key molecule underlying appetite control and energy homeostasis (62) . The physiological function of the NPY family is mediated through membrane-bound heptahelical G protein-coupled receptors (NPY1R-NPY6R) (34) , and NPY1R, 2R, and 5R are known to play important roles in energy homeostasis (59) . CNS peroxisome proliferator-activated receptor gamma (PPAR-␥) has also been shown to function in the regulation of energy balance (66) .
Leptin, under complex regulation of insulin and the leptin receptor, has also been implicated in the regulation of food intake and energy homeostasis (21) . Insulin (1) and pancreatic polypeptide Y (PPY) (6) are expressed in the pancreas and are known to reduce feed intake. Growth hormone (GH) plays an important role in the regulation of whole body energy utilization by stimulation of hepatic insulin-like growth factor-I (IGF-I) synthesis and plasma IGF-I via the receptor (GHR). Recent results in beef cattle show circulating levels of IGF-1 may prove useful as a genetic predictor of carcass and feed efficiency traits (18, 26, 27) . Somatostatin is a neurohormone that controls GH secretion in the hypothalamus (57) . Furthermore, the peripheral neuropeptides cholecystokinin (CCK), glucagon-like peptide1 (GLP-1) and GLP-2, peptide YY (PYY), and oxyntomodulin (OXM) (8, 12, 22) are secreted by intestinal cells and act in the suppression of feed intake, while ghrelin (GHRL) is secreted in the intestine before meals and stimulates feed intake (82) .
We have shown differences in feed intake and production efficiency in lactating Holstein-Friesian (HF), Jersey (JE), and JE ϫ HF dairy cows (60, 61) . The current study aims to determine 1) how dairy cow genotype affects the expression profiles of genes involved in energy homeostasis in duodenal and hepatic tissue, and 2) whether gene expression profiles are correlated across both tissues and are associated with production efficiency variables in these dairy cows. The candidate genes (n ϭ 27, Table 1 ) explored in this study include those that encode signaling molecules and receptors mentioned above that are important in the regulation of energy homeostasis and feed efficiency.
MATERIAL AND METHODS
All procedures were carried out under license in accordance with the European Community Directive, 86-609-EC.
Experimental Animals
This study was part of a larger trial designed to evaluate the performance of three dairy genotypes, HF, JE, and F1 (JE ϫ HF), on a pasture-based production system. All data were generated at the Ballydague research farm (52°8=N 8°26=W), Teagasc Moorepark Dairy Production Research Centre, Fermoy, Co. Cork, Ireland. Performance data were obtained from 110 animals, representing HF (n ϭ 37), JE (n ϭ 36), and F 1 (n ϭ 37) cows and were calculated as described by Prendiville et al. (61) .
A total of six, seven, and three sires were represented in the HF, JE, and F 1, respectively. All F1 animals were sired by JE bulls and were out of HF cows. The HF sires were of North American HF (86%) and New Zealand (14%) origin. The mean predicted transmitting abilities (PTA) (across breed) and standard deviations for the HF sires used were: ϩ163 Ϯ 31.1 kg, ϩ13 Ϯ 7.0 kg, ϩ10 Ϯ 3.0 kg, ϩ0.12 Ϯ 0.14%, and ϩ0.08 Ϯ 0.06% for milk yield, fat yield, protein yield, fat, and protein concentration, respectively (source http://www.ICBF. com, April 2009). Comparable PTAs for the JE sires were: Ϫ408 Ϯ 193.5 kg, ϩ8 Ϯ 6.6 kg, Ϫ3 Ϯ 7.4 kg, ϩ0.55 Ϯ 0.27 kg, and ϩ0.24 Ϯ 0.10%. The JE sires were of New Zealand (56%) and Danish (44%) origin. Of the seven JE sires, one was represented in both the JE and F 1 cows. This sire accounted for 14 and 50% of the JE and F1 cows, respectively. All sires were representative of the sires commonly used in Ireland.
Tissue Sampling
In total, a subgroup of 30 dairy cows, randomly selected to represent HF (n ϭ 10), JE (n ϭ 10), and F 1 (n ϭ 10), was used in this study. At the end of lactation, animals were dried off and subsequently offered a silage/straw mix ad libitum prior to slaughter for a 2 mo period. All animals were slaughtered in a licensed abattoir (Dawn Meats, Charleville, Co. Cork, Ireland) in February 2010. Duodenal epithelium and hepatic tissue samples of ϳ4 cm 2 and weighing 2.5 g were harvested from each cow and subsequently washed with sterile phosphate-buffered saline, snap-frozen in liquid nitrogen, and stored immediately at Ϫ80°C.
RNA Extraction and cDNA Synthesis
Total RNA was isolated from 40 mg of tissue using TRI Reagent and chloroform (Sigma-Aldrich Ireland, Dublin, Ireland). Homogenisation of the sample in TRI Reagent was performed using tissue lyser (Qiagen), and the RNA was subsequently precipitated using isopropanol. Samples were then treated with Amplification Grade DNase I (Sigma-Aldrich Ireland) to remove any contaminating genomic DNA and then purified using the GenElute Mammalian Total RNA Miniprep Kit (Sigma-Aldrich Ireland) following manufacturer's instructions. Quantity and quality of total RNA were assessed using the NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies) and the Agilent Bioanalyser 2100 using the RNA 6000 Nano Lab Chip kit (Agilent Technologies Ireland), respectively. RNA quality was verified by ensuring all RNA samples had an absorbance (A 260/280) of between 1.8 and 2. RNA samples with 28S/18S ratios ranging from 1.8 and 2.0 and RNA integrity numbers of between 8 and 10 were deemed high quality. First-strand cDNA was synthesised by reverse transcribing 1 g of DNase-treated RNA from each sample using oligo (dT) 18 and RevertAid H Minus M-MuLV Reverse Transcriptase (Fermentas). Samples were stored at Ϫ20°C for subsequent analyses.
Primer Design and Reference Gene Selection
All the gene-specific primers (Table 1 ) used in this study were designed using the primer3 web-based software program (http:// frodo.wi.mit.edu/primer3/) and obtained from a commercial supplier (MWG). Primer specificity was checked using the BLAST search tool (http://www.ncbi.nlm.nih.gov/BLAST/). All the primers were validated using a pooled cDNA sample. A standard curve was generated using serial dilutions of pooled cDNA. In the current study, four reference genes namely, glyceraldehyde 3-phosphate dehydrogenase (GAPDH), beta-actin (ACTB), ubiquitin (UBQ), and ribosomal protein S9 (RPS9) were used to normalise gene expression data. The principle behind the selection of the reference gene is that the expression ratio of two perfect reference genes should be constant across all samples. The expression stability of the reference genes were validated with the software program geNorm version 3.5 by calculating the gene expression stability measure (M value). With use of three reference genes, the M values were 0.35 (ACTB, GAPDH, RPS9) and 0.1 (ACTB, GAPDH, UBQ) for duodenum and liver RNA samples, respectively, both of which were below the default minimum coefficient of 1.5 as specified by the geNorm program (75) .
Quantitative Real-time PCR
Following reverse transcription, cDNA quantity was determined and standardised to the required concentration for qPCR. Triplicate 20 l reactions were carried out in 96-well optical reaction plates (Applied Biosystems, Warrington, UK), containing 1 l cDNA (10 -50 ng of RNA equivalents), 10 l Power SYBR Green PCR Master Mix (Applied Biosystems), 8 l nuclease-free H 2O, and 1 l forward and reverse primers (250 -1,000 nM per primer). Assays were performed using the ABI 7500 Fast qPCR System (Applied Biosystems) with the following cycling parameters: 95°C for 20 s and 40 cycles of 95°C for 3 s, 60°C for 30 s followed by amplicon dissociation (95°C for 15 s, 60°C for 1 min, 95°C for 15 s, and 60°C for 15 s). Amplification efficiencies were determined for all candidate and reference genes using the formula E ϭ 10( Ϫ1/slope), with the slope of the linear curve of cycle threshold (Ct) values plotted against the log dilution (19). Only primers with PCR efficiencies between 90 and 110% were used. Expression of each target gene was normalised to the reference genes and relative differences in gene expression were calculated using the 2 Ϫ⌬⌬CT method (39) . Fold changes in gene expression between the genotypes were also determined.
Data Analysis
Gene expression levels were recorded as Ct values, i.e., the number of PCR cycles at which the fluorescence signal is detected above the threshold value. The software package GenEx 4.3.5 (MultiD Analyses, Gothenburg, Sweden) was used for efficiency correction of the Ct values, normalization to reference genes, and calculation of quantities relative to the average for all genes. Data were analysed using SAS (version 9.2; SAS Inst., Cary, NC). All gene expression data were tested for adherence to a normal distribution using the UNIVARIATE procedure of SAS. A Box-Cox transformation analysis was performed using the TRANSREG procedure in SAS to obtain appropriate lambda value for data that were not normally distributed. These data were transformed by raising the variable to the power of an appropriate lambda as indicated by the TRANSREG procedure. A mixed-model ANOVA (PROC MIXED) was conducted to determine the effect of genotype on the relative expression of each gene measured. The Tukey critical difference test was performed to determine the existence of statistical difference between treatment means. Orthogonal contrasts were used to test for evidence of heterotic effects on the expression of genes of interest by comparing the combined mean of gene expression values of the JE and HF cows to mean values for the F1 cross. Spearman partial correlation coefficients were calculated to determine associations among gene expression values for each gene separately, within the duodenum and liver and across both tissues in addition to associations amongst gene expression and production efficiency variables, including residual feed intake (RFI), total milk solid (kg) produced over a 305 day lactation period per 100 kg (SOLIDS_WGT), and milk solids produced (kg) per kg of total dry matter intake (SOLIDS_TDMI), using the CORR procedure of SAS. Cow genotype was included as a fixed effect. While tissue was collected at slaughter and production parameters are from a previous lactation, data from our own group have shown that feed efficiency is a repeatable trait (29) . While it is acknowledged that some reranking of animals for feed efficiency can occur between different diet types and across different stages of maturity, in general the repeatability of feed intake and feed efficiency is quite high (29) . Therefore, one would expect animals that are more feed efficient to maintain this superiority across all diet types over the course of their lives.
RESULTS

Effect of Genotype on Cow Production Efficiency
A more comprehensive explanation of the genotypes, experimental design, grazing management, sward composition, feed intake, and production efficiency measurements has been reported (61) . In brief, genotype had a number of statistically significant (P Ͻ 0.05) effects on cow productive efficiency. For example, daily milk solids yield (MLKS; fat and protein yield) was similar for HF and JE but JE was lower than the F 1 cows (1.33 kg for HF, 1.28 kg for JE, and 1.41 for F 1 ). Body weight was highest for HF (577 kg compared with 435 kg for JE and 520 kg for the F 1 ), whereas body condition score was highest for the F 1 cows (3.00 compared with 2.76 for HF and 2.93 for JE).
Dry matter intake (DMI) per unit body weight (3.99 kg for JE compared with 3.39 kg for HF and 3.63 kg for F 1 ) and gross production efficiency (0.088 kg for JE compared with 0.087 kg for F 1 and 0.079 kg for HF) was highest in JE. Production efficiency, expressed as net energy intake per MLKS, was highest for the F 1 cows (8.32 UFL compared with 8.11 UFL for HF and 7.45 UFL for JE).
Animals were slaughtered at an average of 2.7 Ϯ 0.90, 2.4 Ϯ 0.52, and 2.8 Ϯ 0.46 lactations for HF, JE, and F 1 respectively. At slaughter JE tissues weighed less than tissues from cows of the other breeds apart from the omasum, which did not differ in size between breeds. On a proportion of live weight basis HF cows had a smaller rumen-reticulum, abomasum, and total GIT than both JE and F 1 cows. However, the results on a proportion of metabolic live weight basis were similar (37) . Furthermore, the mean weights of the liver were 6.97, 5.76, and 6.64 kg, respectively, for HF, JE, and F 1 with JE being significantly lower from HF and F 1 , while HF and F 1 were not different. However, as a proportion of metabolic live weight, liver weights were not different between genotypes.
Effect of Cow Genotype on the Expression of Genes in Duodenal and Hepatic Tissues
To assist with visualisation of gene expression profiles in the duodenum and liver, data have been presented as a heat map in Fig. 1 . For both duodenal and hepatic gene expression it can be observed that in general, the F 1 genotype animals have an expression profile that is approximately the mean of the HF and JE.
Duodenum. Out of 27 tested, 15 genes were found to be expressed in the duodenum ( Table 2 ). Genes that are primarily expressed in the hypothalamus were tested for the first time in duodenal tissue and were found not to be detected (NPY, NPY5R, NPY2R, AgRP, and SST). The effect of genotype on the expression of genes detected in the duodenum involved in energy homeostasis is presented in Table 3 . Differential mRNA expression was observed between genotypes for genes coding for POMC (P ϭ 0.04) and GLP1R (P ϭ 0.02), with a tendency toward significance for IGF1 (P ϭ 0.07). Expression of POMC, GLP1R, and IGF1 were 1.5-, 2.8-, and 1.7-fold upregulated in HF compared with JE, respectively, with cows from the F 1 cross being intermediate. There was no differential mRNA expression in genes coding for CCK, AMPKB1, GLP1, GLP2, NMB, PPY, PYY, NPY1R, OXM, INSR, MC4R, and GHR in the duodenum. Furthermore, there was no evidence for heterotic effects (P Ͼ 0.10) for expression in duodenal tissue of any gene studied.
Liver. Only 10 of the same genes targeted in the duodenum were found to be expressed in the liver ( Table 2) . Out of these, three genes LEPR, IGF1R, and AMPKB1 (P ϭ 0.02) were differentially expressed between genotypes (Fig. 2) , whereas expression of POMC (P ϭ 0.09) tended toward being statistically significantly affected by cow genotype ( Table 3 ). The expression of six genes (GLP2, GLP2R, GHR, INSR, NMB, and IGF1) was not altered due to genotype. Expression of LEPR was 2.1-and 1.8-fold upregulated in the F 1 cross compared with HF (P ϭ 0.002) and JE (P ϭ 0.02), respectively. Gene expression of AMPKB1, IGF1R, and POMC was 1.8 (P ϭ 0.02)-, 1.6 (P ϭ 0.02)-, and 1.5 (P ϭ 0.09)-fold upregulated, respectively, in F 1 compared with JE. Furthermore, heterotic effects were recorded in the F 1 genotype for increased hepatic gene expression of AMPKB1 (P ϭ 0.03), IGF1R (P ϭ 0.01), LEPR (P ϭ 0.001), and POMC (P ϭ 0.04).
Associations Between Gene Expression Values Within and Across Duodenal and Hepatic Tissues
Correlation analysis was conducted to examine the associations between gene expression values in the duodenum and liver and across the two tissues (Table 4) . Correlations between gene expression within the duodenum and liver and across both tissues is also represented in Fig. 2 . Association between duodenal and liver gene expression. Gene expression of AMPKB1 in the liver was positively correlated with expression of GLP1 (r ϭ 0.53, P Ͻ 0.05), GLP2 (r ϭ 0.48, P Ͻ 0.05) and OXM (r ϭ 0.45, P Ͻ 0.05) in the duodenum. A positive association (r ϭ 0.56, P Ͻ 0.01) between mRNA expression of hepatic LEPR and duodenal GHRL was detected. In addition, the gene transcript abundance of GLP2R expressed in liver was positively correlated (r ϭ 0.53, P Ͻ 0.01) with that of duodenal Mean values with different superscripts are different (P Ͻ 0.05).
INSR. Furthermore, the expression of the IGF1 gene in liver was negatively correlated with duodenal CCK (r ϭ Ϫ0.62, P Ͻ 0.01).
Associations Between Duodenal and Hepatic Gene Expression Values and Animal Production Efficiency Variables
Correlation analysis was also conducted to determine the association between the expression of genes involved in energy homeostasis in the duodenum and liver, and feed efficiency variables from the studies of Prendiville et al. (60, 61) . Correlation coefficients for these associations are presented in Table 5 . A negative relationship (r ϭ Ϫ0.62, P Ͻ 0.05) was observed between RFI and POMC gene expression in the duodenum. SOLIDS_WGT was negatively correlated with mRNA expression of GLP1R (r ϭ Ϫ0.79, P Ͻ 0.001), INSR (r ϭ Ϫ0.62, P Ͻ 0.05), NMB (r ϭ Ϫ0.54, P Ͻ 0.05), and POMC (r ϭ Ϫ0.70, P Ͻ 0.01) in the duodenum. A negative association was detected between SOLIDS_DMI and duodenal mRNA expression of GLP1R (r ϭ Ϫ0.75, P Ͻ 0.01) and POMC (r ϭ Ϫ0.5, P Ͻ 0.05). In the liver, mRNA expression of GPL2R was negatively correlated (r ϭ Ϫ0.56, P Ͻ 0.05) with SOLIDS_ WGT.
DISCUSSION
There is little information available regarding the influence of dairy cow genotype on the expression of genes involved in energy homeostasis, appetite, and production efficiency in cattle. To overcome this information deficit, a cross-tissue functional genomics approach was employed to identify the mechanisms underlying the molecular control of production efficiency in metabolically active tissues such as the duodenum and liver in cattle across dairy cow genotype. First, a different pattern of gene expression was observed between the duodenum and the liver. The expression of the POMC, GLP1R, and IGF1 genes was higher in the duodenum of HF compared with JE and the F 1 cows. In contrast, the expression of the POMC, AMPKB1, LEPR, and IGF1R genes was higher in the liver of the F 1 than the parental genotypes. Detection of GLP1, GLP2, and OXM expression in the duodenum, with only GLP2 expressed in the liver indicates that the proglucagon gene undergoes alternative splicing in the liver. Positive correlations were observed in the duodenum between gene expression of anorectic peptides (POMC and GLP1R, PYY and GLP1) and a negative correlation between orexigenic (GHRL) and anorectic (PYY) gene expression. Association analysis showed a negative association of duodenal POMC gene expression with RFI and milk production traits, as well as with duodenal GLP1R and milk production traits.
Gene Expression Profile in the Duodenum
Besides its physiological role in digestion and absorption, the duodenum is the site of a variety of signals that regulate hunger, feed intake, and satiety. In the current study, HF cows had a smaller rumen-reticulum, abomasum, and total GIT than both JE and F 1 cows (37). These findings are supported by results of Smith and Baldwin (71) and Nagel and Piatkowski (50) , who found that JE cows had a proportionally greater rumen-reticulum weight and volume and GIT weight than HF cows. The greater weight of the GIT, and thus greater digestive capacity and an increase in the net uptake of nutrients, may also contribute to the higher intake capacity and efficiency of JE and F 1 cows (61).
The effect of cow genotype on the expression of POMC and GLP1R was significant, while the expression of IGF1 tended to be affected by genotype.
POMC. Posttranslational processing of POMC produces ␣-melanocyte-stimulating hormone, which reduces appetite in mammals (35) . In the current study, a negative association was observed between the expression of POMC and RFI, milk solids per lactation per 100 kg body wt and milk solids produced per lactation per kg of total DMI. In addition, the expression of POMC was significantly upregulated in HF compared with JE cows. This finding is consistent with other studies that demonstrate that HF cows, under different produc- tion systems, have a lower feed intake per unit of body weight compared with JE cows (61) . The expression of POMC was positively correlated with INSR. Furthermore, a negative correlation was observed between milk solids per lactation per 100 kg body wt (kg) and duodenal INSR gene expression. While there is a dearth of data available on duodenal gene expression of POMC and other neurotransmitters not only in the bovine but also in other species, our findings are consistent with those reported for POMC gene expression in the brain. Thus, it has been reported that intracerebroventricular insulin administration results in acute suppression of food intake (46) and stimulation of energy expenditure (44) , which is mediated via INSR signaling to regulate energy balance (46) . Targeted knock-ins of insulin receptors in POMC neurons were found to promote hepatic glucose production and activate melanocortinergic energy expenditure (38) . Moreover, activation of phosphatidylinositol-3 kinase in POMC neurons by INSR induces activation of AKT, which leads to the phosphorylation of FoxO1 and, thus, its exclusion from the nucleus allowing the transcription of POMC (15) . This indicates that the expression of the INSR gene indirectly stimulates the expression of the POMC gene, which may explain their positive correlation.
While the role of POMC and related neurotransmitters such as MC4R is to control appetite via their expression in the brain, they may have tissue-specific roles that are independent of a central mechanism controlled by the brain. For example in mice, Iqbal et al. (23) showed that LEPR, POMC, AGRP, and Table 4 . Spearman partial correlation coefficients for the association between expressed genes involved in the energy homeostasis in the duodenum and liver The probability of a coefficient not being statistically different from zero is denoted as follows: *P Ͻ 0.05, **P Ͻ 0.01 and ***P Ͻ 0.001. L gene expression in liver; D gene expression in duodenum. RFI, residual feed intake; SOLIDS_WGT, total milk solids produced over a 305-day lactation period (kg) per 100 kg body wt (kg); SOLIDS_TDMI, total milk solid produced over a 305-day lactation period (kg) per kg total dry matter intake.
MC4R were expressed in the intestine. These authors studied the role of LEPR in the regulation of lipid absorption by the intestine and identified local gut LEPR and MC4R signaling mechanisms in enterocytes that control microsomal triglyceride transfer protein (MTP) expression and lipid absorption. MTP is an intracellular chaperone that assists in fat delivery to tissues by apoB-containing lipoproteins synthesized in the liver and intestine (23) .
GLP1R. GLP1R is a member of the glucagon receptor family that mediates the anorexigenic effect of GLP-1 and OXM (13) . It suppresses appetite by delaying gastric acid secretion and gastric emptying (30) . Expression of GLP1R was highly negatively associated with milk solids produced per 100 kg body wt and milk solids produced per kg of total DMI. These data indicate that lower milk production may be due to decreased feed intake. In the current study, differential expression of GPL1R was detected between the genotypes in the duodenum. The higher expression of GLP1R in HF compared with JE cows may contribute toward their relatively lower feed intake. Furthermore, a positive association between the expression of POMC and the anorexigenic receptor gene GLP1R was observed. Expression of both genes reduces feed intake, and this may explain their positive association. Moreover, GLP1R has been found to be expressed in POMC neurons (67) .
IGF1. In the current study, expression of IGF1 tended to be upregulated in HF compared with JE cows. The expression of the IGF1 transcript in the GIT tissues including duodenum of the bovine is used as a proliferative marker (11) . IGF-1 is associated with crypt cell proliferation (24) and intestinal development (76) . IGF-1 promotes growth and cellular differentiation (43) , and the higher expression pattern of duodenal IGF1 may be associated with the higher body weight and growth of HF compared with JE (61) . In fact, IGF-1 treatment has been shown to decrease villus height in sheep (14) . Lower levels of the IGF1 transcript in JE could be associated with increased villus height and improved absorptive ability leading to enhanced milk production efficiency in these cows compared with HF.
A number of other correlations of interest were observed in the duodenum. A moderately negative correlation was observed between GHRL and GLP1. The hormone GHRL is produced by the A-like cells of the gastric mucosa and stimulate gastric acid secretion and motility (16) . It is released preprandially and stimulates the sensation of hunger (42) . In contrast, GLP-1 is secreted by L-intestinal cells postprandially and has been reported to inhibit gastric acid secretion and motility (7) . Moreover, GLP-1 regulates blood glucose levels through stimulation of glucose-dependent insulin secretion (5), while GHRL inhibits insulin secretion (10) . This indicates that GLP-1 and GHRL work in an opposite manner, supporting the negative correlation observed in this study. Indeed, an inverse correlation between GPL-1 and GHRL concentration after glucose ingestion has been previously reported (9) .
A positive correlation between PYY and GLP1 was detected. Both PYY and GLP-1 are cosecreted by L-cells postprandially in circulation and mediate food intake and energy homeostasis (2) . Moreover, both PYY and GLP-1 are considered as key candidate mediators of the ileal brake (51) . The ileal brake is a negative feedback mechanism that stimulates secretion of PYY and GLP-1 in the proximal intestine, resulting in the inhibition of proximal gastrointestinal motility and secretion. This gives a sense of gastric fullness and allows more time for digestion and absorption of nutrients.
Gene Expression Profile in the Liver
The liver is the single most important organ involved in a diverse array of metabolic processes including glycogen and lipid metabolism and hence plays a fundamental role in energy homeostasis. The POMC, AMPKB1, LEPR, and IGF1R genes were differentially expressed in the liver between the genotypes as described below.
POMC. Expression of POMC in the brain plays an important role in glucose sensing and the maintenance of overall physiological control of blood glucose (56) . It is as yet unknown if expression of POMC plays a similar role of glucose sensing in the liver. In the current study, hepatic POMC expression tended to be higher in the F 1 genotype compared with JE, which would be consistent with milk production traits, including percent lactose being significantly higher in the F 1 compared with HF and JE, respectively (61) . Of interest, was the observation that the expression of the MC4R gene was not detected in the liver. This suggests that POMC maintains glucose homeostasis in the liver through other melanocortin receptors such as MC3R. This is supported by the fact that this receptor has previously been shown to be expressed in liver of the rat (78) , and data suggest that the expression of MC3R in the hypothalamus, gut, and pancreas has led to hypotheses for how MC3R may regulate energy homoeostasis (47) .
AMPKB1. The AMPK pathway is a key regulator of intracellular nutrient sensing (3, 32) . AMPKB1 plays a critical role in systemic energy balance by integrating nutritional and hormonal signals in peripheral tissues and the hypothalamus (28) . Indeed, phosphorylation of AMPK is increased in feed-deprived dairy cows compared with their ad libitum-fed counterparts (33) . Gene expression of AMPKB1 was upregulated in the F 1 genotype compared with JE. The JE cow requires less net energy for maintenance and production compared with either the HF or the F 1 hybrid (61), and this may possibly be influenced by lower expression of AMPKB1. A moderately positive correlation was observed between AMPKB1, INSR, and GLP2 gene expression in the liver. It has been suggested that AMPK is involved in the expression of the INSR gene, which is mandatory for several steps in insulin secretion (31) . Moreover, AMPK also regulates glucose homeostasis in the liver (65) . Insulin, in turn, stimulates the production of GLP-2 (83) . Taken together, it can be suggested that AMPK regulates expression of INSR, which in turn regulates insulin secretion, and finally insulin upregulates GLP-2 production.
LEPR. The LEPR that mediates physiological functions of leptin is involved in energy balance, metabolism, and neuroendocrine function (17) . In the current study, the LEPR gene had a higher level of expression in the F 1 cross compared with both the HF and JE cow genotype. Similar to our findings, the expression of the LEPR gene in the pig was reported to be differentially expressed between different breeds and tissues (74) . The expression of the LEPR gene was positively associated with the INSR gene. Leptin and insulin are key anorexigenic hormones involved in the regulation of energy balance and glucose homeostasis whose physiological function is mediated by LEPR and INSR. Recently, it has been reported that insulin regulates hepatic leptin receptor expression in energy-deficient early-lactating dairy cows (73) . The positive association between expression of the LEPR and INSR genes may be due to the cross talk between insulin and LEPR in the liver.
IGF1R. IGF1R is a tyrosine kinase receptor that is necessary for the activation of the IGF-1-stimulated downstream signaling cascade. IGF-1 functions by enhancing cell survival and mediates pre-and postnatal growth and development (41) . mRNA expression of IGF1R was higher in the F 1 cross compared with JE in the current study. The F 1 hybrid has significantly higher milk yield and yield of milk solids compared with JE breed (61) , which is consistent with previous reports of systemic IGF1 being positively correlated with milk yield and milk fat concentrations (48, 64) .
Heterosis, or hybrid vigour, refers to the phenomenon where progeny show increased fitness relative to their parents (70) . While it is of utmost economic importance in animal production (63) , there is a lack of information available in the literature on the effects of heterosis on gene expression in the bovine. In the current study, there were no heterotic effects of the F 1 genotype on gene expression in the duodenum. However, hepatic expression of AMPKB1, IGF1R, LEPR, and POMC was higher in the F 1 genotype compared with the mean of both the JE and HF parent breeds. This indicates that hybrid vigour, possibly mediated via enhanced hepatic expression of these genes may be responsible for improvements in milk production efficiency (61) . The fact that heterotic effects were only noted in the liver is possibly due to its being the largest peripheral organ involved in energy homeostasis and nutrient metabolism. In the F 1 genotype, the percent milk lactose and corrected milk solid production were greater than in the parent breeds. Both POMC and AMPK genes have been implicated in glucose sensing and homeostasis (65) , and it has been shown that LEPR has an additive effect on fat and protein content of milk (72) . Furthermore, IGF-1R is involved in the regulation of IGF-1, which has been positively correlated with milk yield and milk fat concentrations (48, 64) . Similar observations were noted in poultry where mRNA reverse transcription differential display was used to research the molecular mechanism regulating heterosis of meat traits (79) . In that study, variation existed in the patterns of hepatic gene expression between purebred and crossbred chickens. They reported that while all genes of crossbreds were derived from purebred chickens, their expression was not expressed additively from purebred genes. Similar to the current study, this gave rise to unknown interaction between these genes coming from different purebreds, then leading to differential gene expression and forming heterosis in meat traits. Identifying and sequencing genes that are differentially expressed between purebred parents and crossbred F 1 genotypes will assist in investigating the molecular mechanisms of heterosis in cattle.
Conclusions
To our knowledge, we have shown, for the first time, the effect of differing dairy cow genotype on the expression of genes critical to energy homeostasis and appetite regulation in duodenal and hepatic tissue of dairy cows and the association of these gene expression profiles with production efficiency. Differentially expressed genes were identified in the liver and duodenum of HF and JE cows and in their associated F 1 progeny. HF cows, which are energetically less efficient in terms of production, demonstrated higher expression of anorexigenic genes (POMC and GLP1R) in the duodenum. There appears to be a heterotic advantage in hepatic expression of AMKPB1, IGF1R, LEPR, and POMC genes in the F 1 genotype that is possibly mediating improved milk production efficiency in cross-bred animals. Furthermore, POMC gene expression in the duodenum was negatively correlated with RFI, SOLIDS_ WGT, and milk solids_TDMI, while GLP1R was found to be negatively associated with SOLIDS_WGT and SOLIDS_ TDMI. We conclude that POMC and GLP1R genes may serve as potential candidates for the identification of polymorphisms regulating energetic efficiency and milk production in the dairy cow, which may be incorporated into future breeding programmes.
